In particular, outstanding questions revolve around the statistical distribution of these 3 metrics, as well as the dependence of the parameters of this distribution on climate-4 related indices. Statistical modeling of PDI and ACE in terms of climate-related 5 variables can suggest relationships that could lead to an improved understanding of the 6 physical mechanisms controlling these two indices. Once these relations are explained 7 based on our current theory of genesis and development of North Atlantic tropical storms, 8 they could provide a foundation for improved capability of seasonal forecast of tropical 9 storm activity and better insight into possible interannual to centennial changes in tropical 10 storm activity in response to climate variability and change. The topic of this study is, 11 therefore, the statistical modeling of these two metrics in terms of climate indexes, and 12 their sensitivity to uniform and non-uniform SST changes. 13 14
Data 15
We focus on the PDI and ACE over the period 1949-2008 for the North Atlantic basin. 16 We have derived the time series of these two indexes from the hurricane database 17 
is a parameter vector of length J k , X k is a 1 known design matrix of order n× J k , and h jk is a function of the predictor x jk . The 2 functions h jk are smoothing terms allowing for a higher degree of flexibility in modeling 3 the relation between the parameters of the distributions and the predictors. In this study, 4
we use cubic splines as smoothing functions. 5
Because PDI and ACE are continuous and can only have positive values, we explore 6 these four two-parameter distributions: gamma, Gumbel, lognormal, and Weibull (e.g., 7
Krishnamoorthy 2006). We model the parameters of these distributions as a linear or 8 nonlinear (via cubic splines) function of covariates. Model selection, both in terms of 9 predictors and their functional relation to the parameters of these distributions, is 10 performed by penalizing more complex models with respect to the Akaike Information 11 independently of the penalty criterion, with the gamma distribution being the selected 10 distribution with the log(µ) depending linearly on both predictors. The results for the 11 HadISSTv1 data, both in terms of parametric distribution and functional relation of its 12 parameters on the covariates, depend on the penalty criterion. When using AIC, the data 13 can be described by a Weibull distribution with the µ parameter depending on the SST 14 predictors by means of a cubic spline (via a logarithmic link function). The gamma 15 distribution with log(µ) depending linearly on both predictors is selected when penalizing 16 with respect to SBC. These models are able to describe very well the variability 17 exhibited by the data, as also supported by the fit diagnostics (Figures 4 and 5, right 18 panels; Table 2 
Sensitivity to SST Changes 1
We can couple the information from the PDI and ACE gamma models presented in 2 this study with the statistical models describing the frequency of tropical storms and 3 hurricanes to examine the sensitivity of North Atlantic hurricane frequency, duration, and 4 intensity to uniform and non-uniform SST changes. Let us take the definition of PDI and ACE (to simplify the notation, we will indicate 7 them with P and A, respectively): 8
where d is the duration of each storm, and u is the wind speed at each time interval. 10 Based on the results described in Section 4.1, we can write the expected value of PDI 11 and ACE as: 12
By taking the logarithmic differential of equations 7 and 8, we get: 15
To move forward, let us assume that the expected value of PDI and ACE can be 18 approximated as the product of a scaling factor (different between PDI and ACE), the 19 expected frequency, an expected duration scale and the cube of an expected wind speed 1 scale: 2
Taking the logarithmic differential of equations 11 and 12: 5
After substituting equations 9 and 10 into equation 13 and 14, respectively, and 8 subtracting equation 4 from them, we obtain: 9
Subtracting equation 16 from 15, we can find the sensitivity equation for the scale 12 intensity: 13
We can define the sensitivity parameters of the expected intensity scale as 15
, with the proportional sensitivity parameter to uniform 16 warming for intensity scale being ( ) ( )
. Based on the values in 17 Tables 1 and 2 , we find a central estimate for the sensitivity of the intensity scale to 18 tropically uniform warming of 0 to -2%/°C. The uncertainty on that sensitivity, however, 1 is quite large. 2
We can find a sensitivity equation for duration scale by subtracting 2 times equation 3 17 from equation 16: 4
We can define the sensitivity parameters of the expected duration scale as 6 ( )
. The proportional sensitivity parameter 7 to uniform warming for duration scale 8 is ( ) ( )
. Based on the values in 9 Tables 1 and 2 , and assuming that the relevant frequency scaling is that of hurricanes, we 10 find a central estimate for the duration scale sensitivity to tropically uniform warming of 11 +41 to +44%/°C. If the relevant frequency scaling is that of tropical storms, we find a 12 duration scale sensitivity to uniform warming of +25% to +36%/°C. 13
The above relations were valid for uniform SST warming. We can also modify the 14 fractional sensitivity equations for frequency, and duration and intensity scale to explore 15 the sensitivity of each to the non-uniform component of warming. The sensitivity 16 equations are of the form: 17
By defining the non-uniform component of SST change as
, the 19 sensitivity equations can be rewritten as: 20
Therefore, the total fractional sensitivity is the sensitivity to uniform warming 1 ( ξ ξ ξ β α γ + ≡ ) described above plus the sensitivity to non-uniform SST change, which is 2 much larger per unit temperature change for all quantities except the duration scale. 3
From internal variations of the climate system the non-uniform component of SST 4 change tends to be much larger than the uniform component, so one could approximate 5 the sensitivity of North Atlantic tropical storm activity based on relative SST. 6
Meanwhile, in response to changes in the top of atmosphere radiative forcing the 7 amplitude of uniform SST changes can be substantially larger than that of the non-8 uniform component, yet the cyclone sensitivity is larger for the latter than the former, 9 meaning that both the uniform and non-uniform components must be considered. We 10 have summarized in Table 3 the observationally estimated values of the non-uniform and 11 uniform fractional sensitivity of North Atlantic cyclone activity indices to SST change. 12
To interpret these results, it is worth clarifying that the intensity and duration scales do 13 not refer to the average duration of a tropical storm (e.g., from first to last gale-force 14 record) or the average intensity of all storms (e.g., averaging all records together equally), 15 respectively. Rather, the duration scale is some representative length of time that each 16 storm is at the range of intensities that contribute to the bulk of PDI and ACE (i.e., 17 typically, how long is each storm at the intensities of the strongest storms in the basin). 18
Similarly, the intensity scale refers to a representative intensity of the storm records that 19 contribute to most of the PDI and ACE values (i.e., the typical intensity of the strongest 20 storms). Therefore, based on the apparent historical sensitivity of frequency, PDI and 21 ACE, the statistical modeling results indicate, that uniform warming is expected to lead 22 to: i) a modest decrease in tropical storm and hurricane frequency in the Atlantic, ii) little 23 change in the typical intensity of the strongest storms, and iii) that the storms should 1 spend a substantially larger aggregate time as the "strongest" storms. Held, 2011), it is worth reminding that they are based on the relations obtained from 2 statistical models and the assumptions made to obtain equations 11 and 12. 3
In addition to modeling the adjusted records, we have also examined the sensitivity of 4 our results to the adjustment in equation (1) . Independently of the penalty criterion and 5 input dataset, the parametric distributions are the same as in Tables 1 and 2 first value is the point estimate, while the one in parentheses is the standard error. In 5 each cell, the values in the first (second) row refer to the models obtained using AIC 6 (SBC) as penalty criterion. When "cs" is present, it means that the dependence of the 7 parameters on that covariate is by means of a cubic spline and the coefficients and 8 standard errors are for the linear fit that accompanies the cubic spline fit (otherwise, 9 simple linear dependence is implied). 10 11 The first value is the point estimate, while the one in parentheses is the standard error. 3
In each cell, the values in the first (second) row refer to the models obtained using 4 AIC (SBC) as penalty criterion. When "cs" is present, it means that the dependence of 5 the parameters on that covariate is by means of a cubic spline and the coefficients and 6 standard errors are for the linear fit that accompanies the cubic spline fit (otherwise, 7 simple linear dependence is implied). 
